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ABSTRACT
This thesis is submitted as completion of the requirements 
for the Masters of Arts degree in Chemistry at the College of 
William and Mary. It presents a facile synthesis of methyl 
substituted dienols via the carbometallation of ene-yn-ol substrates 
with trimethylaluminum and titanium tetrachloride. The reaction 
mechanism is an extension of conventional Ziegler-Natta olefin 
polymerization techniques to non-macromolecular ordinary organic 
synthesis.
PREPARATION OF METHYL-SUBSTITUTED DIENOLS 
BY THE HYDROMETHYLATION OF ENE-YN-OL SUBSTRATES 
WITH TITANIUM TETRACHLORIDE AND TRIMETHYLALUMINUM
2INTRODUCTION
This thesis presents a facile and selective preparation of 
(3-Z)-4-methyl-3,5-alkadien-l-ols from the methylmetallation of 
alk-5-en-3-yn-l-ols via reaction with titanium tetrachloride and 
trimethylaluminum. The reaction is a controlled Ziegler-Natta 
carbometallation of the alkyne linkage yielding methyl-substituted 
dienols.
HO-CHCHz- C = C —  C R =C H 2 >  +  AKCI^), 
R
R=H,CH£H2 R= H.CH,
CHp2 
2) H*
I) TiCI4t-23eC, Imin
^  HO-
3Stereospecific methods to prepare di, tri, and
tetra-substituted olefins have been of substantial interest in 
recent years (1). In particular, the field of entomology has relied 
on organic synthesis to provide the substituted olefins found as 
insect pheromones (2). Further, a number of natural products 
contain conjugated diene units. Examples include myrcene (i), 
ocimene (ii), and a and 3-sinensal (iii), and (iv) illustrated 
below. Selectively substituted conjugated dienes are also of 
interest in Diels-Alder cycloaddition reactions.
(i) (ii) (iii) (iv)
Ziegler-Natta catalysts, which are most commonly prepared 
from titanium and organoaluminum compounds, catalyze the 
polymerization of alkenes or alkynes under mild conditions.
4Referred to as coordination catalysts because the reaction occurs at 
the metal center, they polymerize olefins or a-olefins to linear 
or stereoregular polyolefins of high molecular weight. Figure I 
illustrates the conventional or textbook Ziegler-Natta 
polymerization mechanism.
Prior reaction of a trialkylaluminum compound and titanium 
tetrachloride forms a bridged compound. Alkyl group transfer from 
aluminum to titanium, followed by olefin coordination at a vacant 
site in the coordination sphere gives a pi-bonded olefin. 
Carbometallation or olefin insertion occurs by alkyl migration to 
the olefin, regenerating the vacant site while creating a growing 
polymer chain. These three steps, olefin coordination, 
carbometallation, and vacant site regeneration occur repetitively 
and uncontrolled in conventional Ziegler-Natta synthesis.
Termination occurs by 3-hydride elimination or quenching with 
electrophilic reagents.
Attempts were made by Thompson and coworkers to modify the 
Ziegler-Natta catalyst system and utilize this modified system for 
ordinary or non-macromolecular organic synthesis.
5
6Controlling the carbometallation step, resulted in a single syn 
intramolecular carbometallation across an alkyne linkage to give an 
alkenyl-metal species that upon hydrolysis yielded a tri-substituted 
olefin. Figure II illustrates the method to control the 
carbometallation step.
By reacting the alkyne linkage as an alkynol, specifically a 
homopropargyl alcohol, the substrate was bound to the metal center. 
Prior reaction of the alkynol with the organoaluminum compound,
(here 3-butyn-l-ol and trimethylaluminum), generates a bridged 
aluminum-alkynoxy dimer. Subsequent reaction with titanium 
tetrachloride gives a titanium-aluminum bridged alkynoxy compound. 
Alkyne coordination at the metal center facilitates carbometallation 
which could occur in either of the three modes shown. In this 
approach, the substrate or alkyne linkage was tied down in order to 
facilitate a single, syn, intramolecular addition across the alkyne 
linkage. The steric, entropy, and conformational requirements of 
this cyclic intermediate favor an intramolecular carbometallation of 
the alkyne linkage.
7ti
al
/
al - Me
alkyne
activation
carbometalation carbometalation
MeMe
Me
internal
addition
terminal
addition
(trans)
terminal
addition
(cis)a
Me
HO HO
HO
(Z)-3-penten-l-ol (E)-3-penten-1-o1
Me
3-methyl-3-buten-l-ol
Figure II: Proposed pathway for the carbometalation of alkynols with titanium- 
organoalane systems. ( The use of ti and al with reacting groups indicates the 
uncertainty as to the nature of the substitution about the metals in the mixed 
ligand system. Titanium is assumed to be the alkylating center by analogy to the 
accepted Zicgler-^atta polymerization mechanism.)
8Thompson and coworkers initially prepared chloro(alkynoxy)- 
bis(2,4-pentandionato)titanium(IV) complexes which were then 
subjected to reaction with trialkylaluminum compounds. Preliminary 
work with chloro(3-butyn-l-oxy)bis(2,4-pentanedionato)titanium(IV) 
and diethylaluminumchloride [AMEti^Cl] showed that a single syn 
ethylation of the alkyne linkage occured with high 
stereoselectivity, affording the Z isomer in moderate yields, 
(typically 20-50 percent) (3).
The bis(pentahaptocyclopentadienyl)titanium(IV) dichloride 
[TiCp^Cl^] mediated carbometallation of 3-butyn-l-ol with 
Al(Et)^Cl gave higher product yields, (typically 70-90 percent), 
but showed no predominant regioselectivity (4). The reaction of
3-hexyn-l-ol and trimethylaluminum promoted by titanium 
tetrachloride gave both high stereoselectivity and high product 
yields (81 percent) (5). The results of all reactions was a single 
syn carbometallation of the alkyne linkage to generate an 
alkenyl-metal species, that upon hydrolysis afforded a 
tri-substituted olefin.
9In this thesis, the controlled carbometallation system was 
extended to reaction with ene-yn-ol substrates in order to prepare 
methyl-substituted dienols. Three ene-yn-ol substrates were 
studied, 5-hexen-3-yn-l-ol, 5-methyl-5-hexen-3-yn-l-ol, and 
7-methyl-7-octen-5-yn-3-ol.
Figure III illustrates the proposed pathway for the reaction 
of an ene-yn-ol substrate with titanium tetrachloride and 
trimethylaluminum via the controlled carbometallation system.
Prior reaction of the substrate with trimethylaluminum 
affords a bridged aluminum-alkynoxy dimer, which upon reaction with 
titanium tetrachloride gives a bridged aluminum-titanium alkynoxy 
species. Alkyl transfer from aluminum to titanium followed by 
alkyne coordination at the metal center, forms a cyclic intermediate 
that facilitates an intramolecular carbometallation. The steric, 
entropy, and conformational requirements of the cyclic intermediate, 
as well as the enhanced reactivity of the alkyne linkage versus the 
alkene moiety favor a single syn intramolecular carbometallation of 
the alkyne linkage. Hydrolysis of the resulting alkenyl-metal 
species affords a methyl-substituted dienol.
10
I
ti
a)
R = H , CH3 •, R#= H,
Me
R
R1
Me
HO
Me
Figure III: Proposed pathway for the reaction of an ene-yn-ol
substrate with titanium tetrachloride and trimethylaluminum via 
the controlled carbometallation system.
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Ene-yn-ols are commercially available, or readily prepared by 
the palladium catalyzed coupling reaction of terminal alkynols and 
vinyl halides (6).
12
LITERATURE REVIEW
THE SELECTIVE SYNTHESIS OF SUBSTITUTED OLEFINS VIA THE 
CARBOMETALLATION OF ALKYNES.
This section is a review of organometallic reagents in their 
use to prepare substituted olefins from alkyne substrates. 
Tri-substituted olefins are of particular interest because of their 
widespread occurrence in natural products and the difficulty in 
synthesizing them selectively.
Several syntheses leading to the formation of di, tri, 
and tetra substituted olefins are known which do not use alkynes as 
starting materials. These reactions include the Wittig reactions, 
the Cornforth synthesis, the Julia synthesis, selected Claisen 
rearrangements, and others (7).
According to Faulkner, ” despite a lack of stereoselectivity, 
the Wittig reaction served for years as the most convenient method 
for the synthesis of tri-substituted olefins.” (8).
13
However, progress has been made in understanding and controlling the 
ylide olefination reactions (9). In particular, the Wittig and 
related reactions are reasonably good in synthesizing 
tri-substituted olefins of the type
c=
CH,
/ 3
CM(?k2
where the two larger groups are trans, and the incoming
Me-C-(C) -Z group is able to discriminate between the R and H of n
the aldehyde. However, attempted syntheses of compounds of the 
general structure
*
c
cf4 (O-Z
c=
CiH*
/fa
■c W-C fc-z
normally lead to isomeric product mixtures (10).
14
Recent work on the carbometallation of alkyne linkages using 
transition metal organometallic reagents offers substantial promise 
in the facile synthesis of substituted olefins. First, many of the 
organometallic reagents add to the alkyne linkage under mild 
conditions and show an almost uniform tendency to add M-R in a syn 
manner. Secondly, these organometallic reagents generate 
alkenyl-metal species which can be utilized in further 
functionalization of the alkenyl group at the carbon bearing the 
metal center (11).
Additions of organoalanes to terminal and internal alkynes 
will be discussed first. While these are not transition metal 
reagents, it is appropriate to review this area since many of the 
transition metal organometallic reagent systems are prepared from or 
contain organoaluminum compounds.
15
Reactions of triallcylaluminums with terminal alkynes.
The observation by Ziegler and coworkers of the formation of 
carbon-carbon bonds from the addition of trialkylaluminum reagents 
to olefins has provided impetus in the applications of these 
reagents to synthetic organic chemistry (12). However the addition 
of a trialkylaluminum compound to a mono or di-substituted alkyne 
typically affords a mixture of products (13). Characteristic 
products isolated from the reaction of a trialkylaluminum with a 
terminal alkyne arise from metallation of the terminal acetylinic 
carbon, hydride reduction by higher aluminum alkyls with
3-hydrogens, and minor amounts of carbometallation across the 
alkyne linkage (14,15,16,17).
The majority of studies have been the reactions of 
trialkylaluminums with terminal or mono-substituted alkynes. In the 
absence of solvents, except where noted, the following tables 
present product distributions for the reaction of trialkylaluminum 
compounds with terminal alkynes.
16
As shown in Tables 1,11, and III, the predominant reaction of 
trialkylaluminums with terminal alkynes is metallation of the 
terminal acetylenic carbon, producing an alkynyl-dialkylaluminum 
compound. Some carbometallation of the alkyne linkage occurs in a 
syn manner, resulting in a mixture of Markovnikov and 
anti-Markovnikov products (15,16,17). Work by Rienacker and 
Schwengers (16) and Lardicci and coworkers (17) shows a predominance 
of anti-Markovnikov addition products (ref.tables II and III). 
Lardicci and coworkers claim that the nature of the acetylenic 
substrate affects the mode of carbometallation across the alkyne 
linkage through steric control, although all entries in Table III 
show a predominance of anti-Markovnikov addition with the iso-butyl 
group attaching to the least hindered position.
Hydride reduction of the alkyne linkage is encountered with 
the use of higher aluminum-alkyls with 3-hydrogens. 3-Hydride 
elimination to the olefin yields dialkylaluminum hydrides which 
subsequently reduce the alkyne linkage. Hydride reduction of the 
alkyne linkage is summarized by the work of Lardicci with 
diisobutylaluminum hydride [Al(.i-Bu^H] presented in Table III.
17
Table I. Reaction of phenylacetylene with various 
trialkylaluminum compounds (15).
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Table II. Reaction of various terminal unfunctionalized 
alkynes with trialkylaluminum compounds (16).
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Table III. Reaction of various terminal unfunctionalized 
alkynes with diisobutylaluminum hydride 
[Al(i-Bu)2H] (17).
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Reaction of the alkenyl-metal species with another monomeric 
alkyne substrate leads to dimerization of 1-hexyne, the results of 
which are included in Table III. Note that there is only 
dimerization of 1-hexyne upon reaction with A l O - B u ^ H  (entries 
1,5-9, and Figure IV).
tl-Bu H
\ / H “ C -=C ~n-B u
l-hexyne GrScfeA! i-Bu
n-Bu H
H fv-8uH n-Bu
Figure IV: Dimerization of 1-hexyne via reaction with 
di isobutylaluminum hydride [Al( i-Bu^H].
In conclusion, the reaction of a trialkylaluminum with a 
terminal alkyne gives good yields of alkynyldialkylaluminum 
compounds within a mixture of products.
24
Reactions of trialkylaluminums with internal, disubstituted alkynes.
The products isolated from the reaction of a trialkylaluminum 
with an internal or di-substituted alkyne are dependent upon the 
nature of the alkyne substrate and the organoalane.
Carbometallation of the alkyne linkage is usually more difficult and 
higher reaction temperatures and more stringent reaction conditions 
are required (18). Eisch has done considerable work on the 
reactions of symmetric and unsymmetric di-substituted alkynes with 
triphenylaluminum (19,20,21,22). Table IV is representative of his 
findings.
The alkyl-aluminmum adds across both symmetric and 
unsymmetric alkynes in a syn addition mode. The results indicate 
that the products are dependent upon electronic and or steric 
factors present in the transition state. Eisch and coworkers have 
also studied substituent or electronic effects on product 
distributions for the reaction of triphenylaluminum with 
para-substituted diphenylacetylenes (22) illustrated in Figure V.
25
Z_ O ^ C 5 S C _ 0
Figure V: Para substituted diphenylacetylene.
Results indicate that the addition reaction is an electro- 
philic attack of trivalent aluminum on the alkyne linkage and that 
electronic factors are important where steric factors are equal. 
Where electronic factors are important, the aluminum center attaches 
to the alkyne linkage such that the developing positive charge can 
be stabilized. Entry 2 of Table IV is representative, where methyl 
inductive a-donation stabilizes the developing positive charge.
Steric factors also have considerable effect upon product 
distributions. The reaction of t-butylphenylacetylene with 
triphenylaluminum, (entry 5,Table IV), affords the opposite regio- 
specificity that methylphenylacetylene yields (entry 2, Table IV). 
Eisch claims that electronic factors do not explain entry 5 of Table 
IV, and attributes the reaction product to steric effects, since 
t-butyl is a better inductive electronic donor than methyl.
Excessive steric bulk leads to virtually no reaction (entries 3 and 
4 of Table IV).
26
Table IV. Carbometallations of internal, disubstituted
unfunctionalized alkynes with triphenylaluminum 
(19, 21).
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The reaction of higher aluminumalkyls with internal alkynes
yields several products whose distributions are dependent upon the 
experimental conditions. Products isolated from the reaction of 
diisobutylaluminum hydride [Al(i.-Bu)2H] with 1-phenylpropyne (23) 
are attributed to: 1) monoaddition of Al-H across the alkyne
linkage, 2) diaddition of Al-H, 3) addition of phenyl-propenyl- 
aluminum bonds, and 4) trimerization of 1-phenylpropyne. The 
predominant product is trimerization although no yields were 
reported.
4- AlG-Bu)2H
50-I50°C, 10 -3  Oh
no solvent
C
1 2
1
3 3 4
Figure VI: Products isolated from the reaction of 
1-phenylpropyne with diisobutylaluminum 
hydride IA1(i-Bu)2H].
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The mode of addition or hydroalumination is syn, and the 
presence of cis and trans-isomers of 1-phenylpropene is attributed 
to isomerization. Work by Eisch (24) confirms that the trans isomer 
originates from a cis-adduct and isomerization is thought to occur 
by a di-addition, elimination of A K ^ - B u ^ H  (23). This reverse 
elimination reaction is known to occur since alkenyl-aluminum 
species eliminate dialkylaluminum hydrides and generate the 
corresponding alkyne upon heating. For example,
(E)-1-(1-phenyl-l-propenyl)d i i sobuty1aluminum
/ \
H A!(i-Bu)2
evolves 1-phenylpropyne and Al(i_-Bu)^H when heated at 100°C 
under reduced pressure (23).
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In conclusion, the reaction of trialkylaluminum compounds 
with terminal and internal alkynes shows high stereoselectivity, 
although varying regioselectivity. The isolated products are 
dependent upon the starting alkyne substrate, the aluminum alkyl, 
and the reaction conditions.
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Transition metal promoted reactions of organoaluminum 
compounds with alkyne substrates.
As shown in the preceeding section, the reaction of an 
organoaluminum compound with an alkyne typically affords a mixture 
of products. However, the addition of a transition metal compound 
to the reaction mixture often enhances the regio and 
stereoselectivity, as well as the overall reactivity.
This section is presented as a review of the major findings 
from these transition metal mediated organoalane-alkyne 
carbometallation reactions. Both functionalized and 
unfunctionalized, terminal and internal alkynes will be discussed.
Negishi and coworkers have done studies on the 
carbometallation of functionalized and unfunctionalized terminal and 
internal alkynes (25,27,28,30-38). Tables V-X summarize their 
findings.
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As shown in Table V, the majority of these transition metal 
promoted carbometallations of alkynes with organoaluminum compounds 
are stereo and regioselective. Negishi claims that these reactions 
are useful for methylating terminal alkynes and preparing compounds 
of the general structure
where R' is a large alkyl group, R is usually H but also R*, and M 
is a metal containing group (25). Previously compounds of this 
general structure were prepared with organocopper compounds, but 
difficulty was encountered in using methyl-copper as an alkylating 
reagent (26). A review of organocopper compounds as alkyne 
alkylating reagents is presented in the next section of this thesis.
33
Table V. Transition metal promoted carbometallations of 
terminal unfunctionalized alkynes with 
trimethylaluminum (25, 28).
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Table V
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Table VI. Electrophilic functionalization of alkenyl-metal
compounds from transition metal promoted carbo­
metallations of alkynes with trialkylaluminums, 
(25, 27, 28, 30-38):
A. terminal unfunctionalized alkynes
B. terminal functionalized and unfunctionalized 
alkynes
C. terminal functionalized and unfunctionalized 
alkynes '
D. terminal functionalized alkynes
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Table VII. Transition metal promoted carbometallations of
terminal unfunctionalized alkynes with higher
aluminum alkyls (28, 30-38).
CA
TA
LY
ST
 
EL
DC
TR
OP
HI
LE
 
PR
OD
UC
T 
(S
)-
YI
EL
DS
41
Table VII
42
Table VIII. Transition metal promoted carbometallations of
internal disubstituted unfunctionalized alkynes
with trimethylaluminum [AHCHj^J (25, 28).
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Table VIII
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Table IX. Transition metal promoted carbometallations of
internal disubstituted functionalized alkynes
with trimethylaluminum [AHCf^^J (30-38).
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Table X. Transition metal promoted carbometallations of
terminal and internal functionalized alkynes
with trimethylaluminum [A1(CH3)3] (30-38).
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Entries la and lb of Table V contrast the activity of 
bis(Ti5-cyclopentadienyl)zirconium(IV) dichloride [ZrCp^Cl^l 
and bis(Ti5-cyclopentadienyl)titanium(IV) dichloride 
[TiCp^Cl^] as alkylating reagents in the carbometallation of
1-octyne with trimethylaluminum. Both internally methylate the 
alkyne linkage with different reactivities. Deuterium incorporation 
in phenylacetylene, entry 2b, was used to show the high regio and 
stereoselectivity of the metal-promoted methyl-metallation.
Catalytic rather than stoichiometric amounts of the zirconium 
catalyst slowed the reaction but did not alter the overall stereo 
and regioselectivity (entry 2c).
Upon extension of the reaction to higher aluminumalkyls with 
3-hydrogens, Table VII, there was carbometallation as well as 
hydrometallation of the alkyne linkage of 1-octyne. The 3-hydride 
elimination of propene from tri-n-propyl-aluminum, Al(n-Pr>3 
generated zirconium hydrides which hydrozirconated the alkyne 
linkage.
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Tables VIf VIII, and X summarize the work by Negishi to 
permit further functionalization of the alkenyl-metal intermediates 
(25,27,28,30-38). All entries confirm the generation of an alkenyl- 
metal species which can be functionalized or transformed in a single 
step by reaction with electrophilic reagents. Quenching with 
molecular iodine gives alkenyl-iodides that are useful intermediates 
in subsequent nucleophilic reactions to produce tri-substituted 
olefins.
Malpass, Watson, and Yeargin found that cis-dialkylalkenyl- 
aluminum compounds of the general structure
undergo reaction with ethylene oxide to yield predominantly 
cis-alkenols (29). Reaction of the alkenyl-alane with propylene 
oxide gives preferential attack of the carbon bearing the metal 
center at the least substituted side of the ring, affording 
secondary alcohols.
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Table VIII presents work: Negishi has done on the transition 
metal promoted carbometallation of unfunctionalized internal alkynes 
with organoaluminum compounds. The entries for the reactions of 
5-decyne and di-phenylacetylene show varying selectivity and 
reactivity of the titanocene and zirconocene dichloride reagents.
The ZrCp2Cl2 promoted reaction with 5-decyne, entry la, gives a 
predominance of the desired carbometallation product, whereas the 
TiCp2Cl2 promoted reaction, entry lb, gives a cumulated diene in 
high yield, Figure VII below. The diene is generated from an 
initial carbometallation of the alkyne linkage with subsequent 
3-hydride elimination to the diene.
Me
\
H
-f fi-H
Figure VII: Cumulated diene (ketene) formed via the
carbometallation and subsequent 3-hydride 
elimination of 1-decyne.
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The TiCp^Cl^ mediated reaction of diphenylacetylene with 
trimethylaluminum, entry 2a, produces the desired carbometallation 
product in high yield whereas the ZrCp^Cl^ mediated reaction, 
entry 2b, which required longer reaction time, affords a mixture of 
products. Entry 2c confirms the in situ generation of a 
1,2-diphenyl-l-propenyl-metal intermediate that can be 
functionalized with electrophilic reagents.
Negishi concludes from the work presented in Table VIII, that 
internal alkynes can be selectively carbometallated with the metal- 
mediated reagent systems, although he used symmetric alkynes (25).
Table IX illustrates work Negishi has done on the 
carbometallation of internal functionalized alkynes with 
trimethylaluminum, Al(CH^)^, and TiCp^Cl^. In all examples 
with the exception of entry 5, a predominance of the desired 
monocarbometallated product is observed.
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Tables XI-A and B present work Eisch has done on the 
transition metal promoted carbometallation of alkynes (39). In this 
work, Eisch erroneously reported that the metal-alkyl addition to 
internal functionalized alkynes occurred predominantly in a trans 
fashion. Snider and Karras did work to disprove Eischs* findings 
(40) presented In Tables XII-A and B, rationalizing his results by 
Lewis base coordination with the titanium-aluminum-carbon 
intermediate which allows isomerization to a trans addition 
product. Snider and Karras also report deuterium incorporation of 
the alkenyl-metal intermediate, disclaiming Eisch*s reported 
findings (contrast Tables XI-A, XII-A, and XII-B).
In conclusion, the transition metal mediated carbometallation 
of terminal and internal alkynes with organoaluminum compounds 
stereo and regioselectively gives di and tri-substituted olefins. 
Quenching the alkenyl-metal intermediate with electrophilic reagents 
permits further functionalization of the metal intermediates to tri 
and tetra-substituted olefins.
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Table XI. Transition metal promoted carbometallations of 
trimethylsilyl substituted alkynes with alkyl- 
al urn inurn compounds (39):
A. 1-trimethylsilyl-octyne and 1-trimethylsilyl- 
2-phenylacetylene
B . 1-trimethyls ily1-2,1'-cyclohexenylacetylene 
and 1-trimethyls ilyl-2-cyclohexylacetylene
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Table XII. Transition metal promoted carbometallations of
terminal trimethylsilyl substituted alkynes with 
alkylaluminum compounds <40):
A. 1-trimethylsilyl-octyne
B. 1-trimethylsilyl-octyne and 1-trimethylsilyl-
2-phenylacetylene
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Thompson and coworkers have also done studies on the 
transition metal promoted carbometallations of functionalized 
terminal and internal alkynes (41-45). In initial studies utilizing 
y-S alkynols (relative to -OH), and other alkynols, Thompson and 
coworkers prepared chloroalkynoxybis(2,4-pentanedionato)titanium(IV) 
complexes, and then subjected these to organoalane carbometallations 
with diethylaluminum chloride [AKEt^Cl]. Further studies were 
done with bis(Ti^-cyclopentadienyl)titanium(IV) dichloride 
[TiCp^Cl^], bis(*n5-methylcyclopentadienyl)titanium(IV) 
dichloride [Ti(MeCpJ^Cl^i» various organoalanes and alkynols.
The following Tables present their findings.
As shown in Tables XIII, XIV, XV, XVI, and XVII, the 
transition metal promoted carbometallations effect regio and 
stereoselective additions across the alkyne linkage. Homopropargyl 
or y-6 alkynols react the best under these carbometallation 
conditions, presumably due to conformational requirements of the 
postulated cyclic intermediate presented in the introduction of this 
thesis. The reaction conditions were optimized for 3-butyn-l-ol, 
(-78°C, 2:1 Al/Ti, 8 hours), and then extended to other alkynoxy 
compounds (42).
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Table XIII. Carbometallation of chloro(alkynoxy)bis-
(2,4-pentanedlonato)titanium(IV) compounds with 
diethylaluminum chloride [AHEt^Cl] (41, 42).
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Table XIV. Carbometallation of alkynols with bisCTj^- 
cyclo-pentadienyl)titanium(IV) dichloride 
[TiCp2Cl2 l and diethylaluminum chloride 
[Al(Et>2Cl] (A3, 4A)
A. homopropargyl alcohols
B. various alkynols
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Table XV. Carbometallation of 3-butyn-l-ol with 
b i s ( T)5-cyclopen t adi eny 1) z i rcon i um( IV) 
dichloride [ZrCp2Cl2 ]and trimethylaluminum 
[A1(CH3)3] (44).
Carbometallation of 3-hexyn-l-ol with titanium 
tetra chloride [TiCl^] and trimethylaluminum 
[A1(CH3)3 ] (46).
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Table XIV-A
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Table XVI. Carbometallation of alkynols with bis(Ti^-
methyl-cyclopentadienyl)titanium(IV) dichloride 
[Ti(MeCp)2Cl2 ] and diethylaluminum chloride 
[Al(Et)2Cl] (44):
A. homopropargyl alcohols
B. 3-hexyn-l-ol, 4-pentyn-l-ol, and 5-hexyn-l-ol
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Table XVII. Carbometallation of 3-butyn-l-ol with 
Ti(MeCp>2Cl2 trimethylaluminum
[A1(CH3)3 J (44).
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Table XVI—A
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Studies were done on the carbometallation of aluminum- 
alkynoxy complexes, prepared by prior reaction of the alkynol with 
Al(Et)?Cl with bis(2,4-pentanedionato)titanium(IV) dichloride 
[TiCl^acac^] (42). Synthetically this would have been more 
useful, but no products were isolated for these reactions.
Replacing TiCl^acac^ with TiCp^Cl^ afforded high
carbometallation product yields although regiospecificity varied. 
Table XIV presents these findings.
The major finding from the work presented in Table XIV was 
that alkynols could be reacted directly with organoaluminum reagents 
and transition metal compounds, eliminating the arduous task of 
preparing chloro,alkynoxy-titanium complexes prior to 
carbometallation.
TiCp^Cl^ functioned catalytically, ten (10) mole percent 
relative to alkynol, for reactions with 3-butyn-l-ol and A K E t ^ C l  
(43).
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Other work was done in hopes of altering the regio and 
stereoselectivity of the carbometallation by altering and 
controlling the ligand environment at the metal center (44).
Table XVI presents these findings for the carbometallations with 
Al(Et)2Cl promoted by Ti(MeCp)2Cl2 .
Entry 1 of Table XIV and entry 1 of Table XVI contrast the 
activity of TiCp2Cl2 and Ti(MeCp>2Cl2 in the carbometal­
lation of 3-butyn-l-ol with Al(Et>2Cl. Ti(MeCp>2Cl2 affords a 
predominance of the internal ethylation product, apparently due to 
postulated ligand environment activity. In general,
Ti(MeCp>2Cl2 gives better overall product yields and functions 
better in catalytic quantities (contrast Tables XIV and XVI).
The ability to modify overall carbometallation regio and 
stereoselectivity is illustrated by contrasting entries 1 and 8 of 
Tables XIV-A and B. Preparing the trimethylsilyl ether derivative 
of 3-butyn-l-ol enhances the overall yield of the terminal addition 
product.
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A study was done on the regio and stereoselective preparation 
of Z-4-methyl-3-hexen-l-ol, an intermediate in the Corey synthesis 
for the d,l-C18 Cecropia juvenile hormone (45). The starting 
material, 3-hexyn-l-ol was reacted stoichiometrically with titanium 
tetrachloride and trimethylaluminum to afford the allcenol in 81 
percent yield and with high regioselectivity (greater than 98 
percent Z isomer) (46). These initial studies with titanium 
tetrachloride and trimethylaluminum proved fruitful, and their use 
as carbometallating reagents was extended to other alkyne 
substrates, this thesis inclusive.
In conclusion, the group IV transition metal promoted 
carbometallations of functionalized y-8 alkynols with 
organoaluminum compounds effects substituted alkenols in good yields 
with high stereo and regioselectivity.
73
Alkylation of alkyne substrates with organocopper reagents.
This section is presented as a review of organocooper 
reagents in their utilization for alkylating alkyne linkages. 
Organocopper reagents are prepared by the addition of a cuprous 
halide to a Grignard reagent and are generally thermally labile and 
require preparation and reaction at low temperature (47).
The majority of work with organocopper compounds as 
alkylating reagents has been done with acetylene and other terminal 
alkynes (48-52,54-58). The following Tables present the results of 
these studies.
As shown in Tables XVIII and XIX, the organocopper reagents 
add regio and stereospecifically across the alkyne substrates in the 
Markovnikov mode.
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The ethylation and subsequent deuterium incorporation of 1-hexyne, 
entry 2 Table XVIII, confirms the generation of a vinyl-cuprate 
intermediate . Entries 3, 4, and 5 of Table XVIII and entries 1, 2, 
and 3 of Table XIX-A illustrate competing side reactions : i).
dimerization, and ii). vinyl-allcyl coupling of the vinyl cuprates.
Dimerization
R H 
\ / _/
/ \ /  +  2Cu* +  2 M 9X2
r/ r \
Vinyl-alkyl coupling
R H
\ /RCu 4* C = C
/, VR Cu
R H 
\ /
C==C + 2Cu*
Figure VIII: Dimerization and vinyl-alkyl coupling: competing 
side reactions in the allcylation of alkynes with 
organocopper reagents.
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Table XVIII. Carbocupration of terminal unfunctionalized 
allcynes with various organocopper reagents 
(48, 58).
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Table XIX. Carbocupration of alkynes with various 
organocopper reagents (49):
A. terminal unfuntionalized alkynes
B. 1-hexyne
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Table XX. Functionalization of Z-vinylcuprates with
electrophilic reagents; vinylcuprates obtained 
from CH3Cu(Me2S):MgBr2 alkylations of 
terminal unfunctionalized alkynes (51).
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Table XXI. Functionalization of Z-vinylcuprates with
electrophilic reagents; vinylcuprates obtained 
from carbocupration of simple unfunctionalized 
alkynes and acetylene (52).
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Table XXII. Functionalization of Z-vinylcuprates with
electrophilic reagents; vinylcuprates obtained 
from carbocupration of acetylene and 1-hexyne 
with n-butylcopper and ethylcopper. (48).
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Table XXIII. Preparation of homopropargyl alcohols from 
functionalization of Z-vinylcuprates with 
epoxides; vinylcuprates obtained from 
carbocupration of terminal unfunctionalized 
alkynes with various organocopper reagents (54):
A. 1-hexyne, 1-propyne, 1-octyne, and 1-butyne
B. 1-octyne, 1-butyne, and 1-hexyne
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Table XXIV. Preparation of £ ($-disubstituted-
a-ethylenic acids from reaction of Z-vinyl- 
cuprates with carbon dioxide; vinylcuprates 
obtained from carbocupration of terminal 
unfunctionalized alkynes with various 
organocopper reagents (55).
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Table XXV. Carbocupration of terminal functionalized
alkynes with n-butylcopper; the effect of 
solvent and o-substituents on reaction 
products (56).
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Table XXVI. Functionalization of Z-vinylcuprates with
electrophilic reagents; vinylcuprates obtained 
from carbocupration of trimethylsllylethers of 
3-butyn-l-ol with ethyl and n-butylcopper (56).
EN
TR
Y 
AL
KY
NE
 
CO
PP
ER
 
RE
AO
EN
T 
CO
ND
IT
IO
NS
 
PR
OD
UC
T 
YIE
LD
S 
%
94
Table XXVI
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Table XXVII. Reactions of higher organocopper reagents with 
3-hydrogens with internal unfunctionalized 
alkynes (57).
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Table XXVII
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Marfat, McGuirk, and Helquist have done studies with 
methyl-copper to effect the desired monocarbocupration of the alkyne 
linkage by addition of a dimethylsulfide-cuprous bromide complex, 
(CH3 >2S:CuBr, to the alkyl Grignard reagent (50,51).
Methyl-copper is an insoluble polymeric solid and difficulty in 
utilizing it for alkylating purposes have been encountered (51).
Results indicated that high yields of monocarbocuprated 
products were obtained from di-substituted alkenyl-copper interme­
diates, and only trace amounts (0-2 percent) of the dienes seen in 
Tables XVIII and XIX were observed. Table XX presents these 
findings and work to further functionalize the alkenyl-cuprate 
intermediates with electrophilic reagents.
vinyl-cuprate intermediates obtained from acetylene with electro­
philic reagents, and to effect transfer of both alkenyl groups of I.
Table XXI illustrates studies to further functionalize the
R2CuU  - f  2  H - C ^ C - H
CuLl
(I)
Figure IX: Vinyl cuprate (I) formed via reaction of acetylene 
with an organocopper reagent.
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The alkenyl-cuprates react with a variety of electrophiles 
including epoxides, carbon dioxide, aldehydes, and ketones. Exchange 
of the alkenyl-copper metal center for an electrophile occurs with 
complete retention of configuration (53). There is conjugate 
addition to a,f3-unsaturated aldehydes, ketones and esters 
(entries 1 of table XX and 1 of table XXI).
Tables XXII and XXIII illustrate further functionalization of 
the alkenyl-cuprates of terminal alkynes. Table XXIII also includes 
work with dimethylsulfide and cuprous bromide to effect the desired 
monocarbocupration of terminal alkynes, and alkenyl-cuprate 
functionalization with epoxides to generate homopropargyl alcohols. 
Table XXIV illustrates the preparation of (3,3-di-substituted- 
a-ethylenic acids by the quantitative carbonation of vinyl copper 
compounds obtained from terminal unfunctionalized alkynes.
Tables XXV and XXVI present work by Alexakis and Normant to 
determine the effect of solvents and o-substituents on the 
organocopper alkylat ions of terminal functionalized alkynes.
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The work presented in table XXV demonstrates that the 
addition reaction to the alkyne is dependent upon the alkyne 
functionallity and the solvent. The enhanced alkylating ability of 
this system in preparing addition product I and diene II, when 
compared with the results presented in table XVIII, is attributed to 
the polarity or basicity of the solvent, tetrahydrofuran (THF).
Table XXVI illustrates work to functionalize the 
alkenyl-cuprates by reaction with electrophilic reagents.
Table XXVII presents work by Crandall and Collonges on the 
alkylation of internal di-substituted alkynes with higher 
organocopper reagents with 3-hydrogens (57). The primary reaction 
is a stereoselective cis reduction of the alkyne substrate. The use 
of ether as the solvent, entries 2-5, 7-9, cuts down on the addition 
reaction and enhances copper-hydride reduction of the alkyne 
linkage. The effect of using THF as the solvent or extending 
conjugation of the phenyl substituent, entries 1 and 6 , is to 
enhance the addition reaction.
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In another experiment, 3-octyn-l-ol was stereoselectively reduced to 
Z-3-octen-l-ol. Again, evidence for vinyl-cuprate intermediates was 
confirmed by trappings with deuterium oxide (D^O) and allyl 
bromide.
In conclusion, organocopper reagents have good capabilities 
for alkylating alkyne substrates. Difficulty in utilizing 
methyl-copper, and effecting transfer of both alkenyl groups of 
vinyl copper compounds is overcome by adding a 
dimethylsulfide-cuprous bromide complex to the alkyl Grignard 
reagent. The thermally labile alkenyl-cuprate intermediates (53) 
are readily functionalized with electrophilic reagents to tri and 
tetra-substituted olefins.
In summary, the transition metal promoted carbometallation of 
alkyne linkages is regio and stereoselective and affords the desired 
substituted olefin in good to excellent yields. The alkylating 
reagent systems are synthetically and experimentally useful tools 
in synthetic organic chemistry.
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EXPERIMENTAL SECTION
This section includes experimental procedures for the carbo- 
metallation of the ene-yn-ol substrates and the preparation of 
5-hexen-3-yn-l-ol.
HO—C H2CH2-C ==C— C✓
ch2
\
H
5-hexen-3-yn-l-ol
HO— CH2CH2- C = C —
ch3
5-methyl-5-hexen-3-yn-l-ol
HO— CH-CH^-C=C— C‘/
\
ch2
CH2 pu
Figure X. 7-methyl-7-octen-5-yn-3-ol
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Hydromethylaton of ene-yn-ol substrates via titanium 
tetrachloride/trimethvlaluminum: TiCl^/AKCHj)^
Materials and reagents
Two ene-yn-ol substrates, 5-methyl-5-hexen-3-yn-l-ol and 
7-methyl-7-octen-5-yn-3-ol were obtained from Albany International. 
Pure monomer was obtained from reduced pressure distillation of the 
purchased materials. 5-hexen-3-yn-l-ol was prepared by the 
palladium catalyzed coupling reaction of vinyl-bromide and
3-butyn-l-ol (attached). Methylene chloride, CH^Cl^* was 
distilled from phosphorous pentoxide under nitrogen flow and kept 
over molecular sieves type IVA. Trimethylaluminum [AKCH^)^! 
from Ethyl and titanium tetrachloride [TiCl.] from Aldrich were 
used as obtained and handled under dry-box conditions. The use of 
air and moisture sensitive reagents required that all transfers and 
subsequent reactions be conducted under an inert atmosphere (N^).
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Standard reaction procedure
In a standard reaction, a 250 ml three-necked round-bottom 
flask was equipped with stirbar, gas inlet, one-way glass gas vent, 
and rubber septa. CH^Cl^ (50 ml) and Al(CH^)^ (36 mmol, 3.5 
ml) were transferred successively to the reaction vessel by syringe 
under dry-box conditions. TiCl^ (18 mmol, 2.0 ml) was transferred 
to a pop-bottle initially filled with 50 ml CH^Cl^ and then 
crown capped. The reaction vessel was attached to a nitrogen (N^) 
gas manifold with safety bubbler and purged with nitrogen. The 
reaction mixture, AMCH^^/CH^Cl^» was cooled to 0°C and 
the alkynol (15 mmol) was then added by syringe. Addition of the 
alkynol was made cautiously to control violent gassing of generated 
methane.
Following alkynol addition, the reaction mixture vessel and
TiCl,/CHrtCl_ pop bottle were cooled to -23°C with a carbon 
A 2 2
tetrachloride (CCl^-liquid nitrogen slush bath. After sufficient
cooling, the TiCl^/CH^Cl^ mixture was pressurized and blown
over into the reaction vessel via a 16 gauge stainless steel needle.
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The resulting mixture was allowed to react for one minute including 
blowover time and was then quenched cautiously with ten mis (10 ml) 
of precooled (0°C) methanol. For deuterium incorporation, the 
mixture was quenched with precooled (0°C) methanol-d and 
deuterium oxide (D^O). Fifty ml of 3N HC1 saturated with NaCl was 
added to insure quenching of the alkenyl-metal and to facilitate 
workup. Internal standard (decanol, 2-3 mmol) was added and the 
mixture was stirred mechanically for 15-30 minutes and allowed to 
warm to room temperature.
The mixture was filtered over celite and the aqueous and
organic layers were separated. The aqueous layer was extracted with
three 50 ml portions of diethyl ether, which were combined with the
original organic layer. The resulting organic mixture was dried
over MgSO., gravity filtered through paper, and quantitatively 
4
analyzed by gas liquid chromatography (GLC).
Product Isolation
The worked-up organic reaction mixture was concentrated to 
approximately three mis (3 ml) and the hydromethylation product was 
isolated by preparative GLC.
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Gas Chromatography
Product yields were determined by GLC (Hewlett Packard-HP- 
5711A FID-HP 3380S integrator, 10% Carbowax 20M column:3.0 m x 0.32 
cm) via the internal standard technique and are corrected for 
response factors. Calculated and estimated response factors for 
products and starting materials are tabulated in the appendix. 
Product yields are tabulated in Table XXVIII.
Product isomeric purity was determined via capillary GLC (HP- 
5793 FID-HP 3390A integrator, Carbowax 20M capillary column: 25 m x 
0.31 mm).
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Table XXVIII. Product yields for hydromethylations of 
ene-yn-ol substrates with TiCl^/AKCI^^ 
reagents. (60).
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Table XXVIII
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Spectra
Carbon 13 (13C) decoupled and off-resonance decoupled, and 
proton 1 (*11) nmr spectra were obtained with a Varian FT-80A 
spectrometer and were used to make structure assignments.
Product characterization data
(1) 3-Z.4-methyl-3«5-hexadi en-l-ol:
13C nmr (CDCI3):
8=19.9 (q, A-CH3 ), 30.9 (t, C2), 62.3 (t, Cl),
114.2 (t, C6 ), 126.5 (d, C3), 133.6 (d, C5),
134.9 (s, C4).
*H nmr (CDCI3 ):
8=1.80 (m, J~1 Hz, 4-CH3 ), 2.45 (m, 2-CH2->,
2.72 (s, br,-OH), 3.59 (t, J~7 Hz, -CH2-0), 
-5.30 (m, =CH2 and 3-CH=), 6.76 (d of d, J=ll 
and 18 Hz, 5-CH=).
(2) 3-Z.4.5-dimethvl-3.5-hexadien-l-ol:
13C nmr (CDCI3 ):
8=22.1 and 23.2 (both q, 4 and 5 CH3 ),
32.6 (t, C2), 62.8 (t, Cl), 112.8 (t, C6 ),
121.3 (d, C3), 141.5 and 145.1 (both s, C4 and C5).
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•^H nmr (CDCl?):
6=1.80 (m, J~1 Hz, 4 and 5 CH3),
2.27 (m, 2-CH2-), 2.37 (s, br,-OH),
3.58 (t, J=7 Hz, -CH2-0), 4.67 and
4.90 (both m, =CH2), 5.17 (t, J=7 Hz, -CH=).
(3) 5-Z.6 .7-dimethyl-5.7-octadien-3-ol:
13C_ nmr (CDCI3 ):
6=10.0 (q. Cl), 22.2 and 23.4 (both q, 6 and 7 
CH3), 29.8 (t,C4), 36.6 (t, C2), 73.4 (d, C3),
112.9 (t, C8 ), 121.6 (d,C5), 141.3 and 145.2 
(both s, C6 and C7).
•^H nmr (CDCl^):
6=0.95 (t, J=7 Hz, 1-CH3>, 1.45 (m, 2-CH2-),
1.78 (m, J~1 Hz, 6 and 7 CH3), 2.21 (t, J=7 Hz,
4-CH2-), 3.46 (quin, J=6 Hz, -CH-0), 4.65 and 
4.88 (both m, CH2), 5.18 (t, J=7 Hz, -CH=).
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Preparation of 5-hexen-3-vn-l-ol
Prepared via the palladium catalyzed coupling reaction of 
vinyl bromide and 3-butyn-l-ol.
Reference: R.Rossi, Carpita, Quirici, and Gaudenzi,
Tetrahedron, 1982.38.631.
Reaction:
1) C u l, PdtHPh)^,
O-CHjftf CHXHJ. ClT 
------ =----— — — >  H0-CHi!CHi-Csc-CH=CH2
O
2) IO% NaOH t 
25°Ctl8h
3) H p
HO-CH^CH^-C^C-H
+
Br— C H = C H Z
Figure XI: Palladium catalyzed coupling reaction.
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Due to difficulty in the first attempt to prepare the title 
compound via this technique, the stoichiometry and reaction 
conditions were altered from those reported by Rossi. The changes 
are included at the end of this section.
Materials and reagents
The starting material, 3-butyn-l-ol was obtained from Albany
International, vinyl bromide from Aldrich, cuprous iodide and
benzyl-tri-ethyl ammonium chloride [Bz-N+-(Et)3 ]Cl~ from
Fisher Scientific, and tetrakis(triphenylphosphine)palladium(0)
Pd[(P)Ph_]. from Alfa products. Thiophene-free benzene and 10%
3 4
NaOH were stock reagents. All materials and reagents were used as 
obtained without further purification.
Procedure
A 250 ml three-necked round-bottom flask was equipped with 
stirbar, gas inlet, and two glass stoppers. Tetrakis- 
(triphenylphosphine)palladium(O) (2.25 mmol, 2.6 g) was 
added to the vessel by dry-box transfer.
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The reaction vessel was charged with 25 ml of thiophene-free 
benzene and then attached to a nitrogen gas manifold and purged with 
nitrogen. The center glass stopper was replaced with a dry-ice 
condensor which was charged with ice, water, and salt.
Cuprous iodide (4.5 mmol, 0.9 g), and [Bz-N+-Et3 ]C1- 
(1.8 mmol, 0.4 g) phase transfer reagent were added to the reaction 
vessel and the resulting mixture was cooled to 0°C and stirred 
mechanically. After sufficient cooling, precooled (0°C) vinyl 
bromide (188 mmol, 13.5 ml) and 3-butyn-l-ol (94 mmol, 6.6 g) were 
rapidly added to the mixture by dropping funnel. One hundred mis of 
ten percent NaOH (10 X NaOH, 100 ml) was added and the resulting 
mixture was stirred mechanically and allowed to react overnight for 
18 hours. The reaction vessel icebath (0°C) was maintained for 
approximately six hours of reaction time, after which it was allowed 
to warm to room temperature. The dry-ice condensor (at ~0°C) 
was maintained throughout major portion of the reaction (-8-10 
hours) to condense vaporizing vinyl bromide.
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After 18 hours of reaction, the brown-grainy reaction mixture
was diluted with 80 ml of water, stirred vigorously, and the
resulting mixture was filtered over celite. The layers were
separated and the aqueous layer was extracted with three 60 ml
portions of diethyl ether. The ether extracts and the original
organic layer were combined and dried over MgSO*.4
Product isolation
The worked-up reaction mixture was filtered through paper, 
concentrated to ~25-30 ml of deep-wine-red solution, and 
fractionally distilled under reduced pressure. The product, 
5-hexen-3-yn-l-ol was collected (66°C, 15 mm Hg, 5-6 ml).
Gas chromatography
GLC analysis indicated that the product was ~97% pure. 
(HP-5711A FID, HP-3380S integrator, 10% Carbowax 20M column:3.0 m x
0.32 cm)
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Alterations to Rossis* procedure
the following changes were made in the recorded reaction 
procedure 1) the catalytic stoichiometries of the reactants were 
altered, 2 ) ether extracts from the water layer were not washed with 
saturated ammonium chloride, 3) the concentrated organic residue was 
not diluted with pentane, cooled to 0°C and filtered, 4) and the 
resulting filtrate was not passed over aluminua due to the alcohol 
functionality.
Spectra
13 1The C decoupled and H nmr spectra used to make
structure assignments were obtained with a Varian FT-80A
spectrometer. The IR spectrum for the compound was obtained on a
Perkin Elmer 1320 infrared spectrophotometer.
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Product characterization data
5-hexen-3-yn-l-ol:
13C nmr (CDCI3):
6=23.6 (-CH2-), 61.0 (-CH2-0), 80.9 and 87.5 (C3 and 
C4), 117.4 (=CH2), 126.3 (=CH-).
1H nmr (CDCI3 ):
6=2.56 (t of d, J=6 Hz and J=1 Hz, -CH2-), 3.38 (s,
br, -OH), 3.75 (t, J=6 Hz, -CH2-0), 5.3-5.9 (m, =CH- 
and =CH2).
IR (neat liquid, thin film)-cm-l.
3350, 3100, 3010, 2940, 2880, 2220, 1880, 1610, 1470, 
1410, 1370, 1330, 1290, 1180, 1160, 1040, 970, 920, 845.
Spectra correlated with those reported in the reference, 
indicating that 5-hexen-3-yn-l-ol was prepared in ~57% yield.
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RESULTS. DISCUSSION. AND CONCLUDING REMARKS
Carbon and proton skeletal assignments for products and 
starting materials were made from 13C decoupled and off-resonance 
decoupled and nmr spectra. The spectra and spectral assignment 
charts for all compounds are recorded in the Appendix as Figures 
XVI, XVII, XVIII, and XIX. Experimental results and procedure 
were published in the Journal of Organic Chemistry (59).
The spectral data indicate that the titanium tetrachloride 
trimethylaluminum hydromethylation of ene-yn-ol substrates is 
effecting a single carbometallation across the alkyne linkage. The 
methyl group attaches to the fourth or terminal carbon of the alkyne 
linkage, relative to -OH, and the resulting addition is syn. Thus 
the reaction is both regio and stereoselective.
The syn addition mode was confirmed specifically by nmr 
spectral data. First, ^3C methyl group shifts of the products 
were compared with those of the known compounds (60) diagrammed at 
the top of the following page.
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The 13-C methyl group resonances of these trisubstituted olefinic
products indicate that a methyl group cis to hydrogen on an olefin
will resonate at ~19 ppm or farther downfield, resonate ~16 ppm
13
or less upfield. All C methyl group shifts for the isolated 
products are resonating greater than 19 ppm downfield indicating 
methyl cis to hydrogen on the olefin, the result of a syn addition 
across the alkyne linkage.
Second, there are no reported group IV transition metal 
promoted organoalane addtions to alkynes occuring in a mode other 
than syn (40).
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Methyl group attachment to the fourth carbon is confirmed by 
nmr resonances. For example, the lone olefininc proton of 
A,5-dimethyl-3,5-hexadien-l-ol resonates as a triplet of quartets, 
split by the methylene (-CH^-) protons to a triplet. Long range 
coupling to the olefinic methyl group results in a quartet. The 
spectra are similar for the remaining two products.
Deuterium incorporation in A ,5-dimethyl-3,5-hexadien-l-ol 
confirms the generation of an alkenyl-metal intermediate that 
suggests the possibility of further functionalization with 
electrophilic reagents.
In conclusion, the application of the titanium 
tetrachloride-trimethylaluminum carbometallation technique to 
reactions with 5-ene-3-yn-ol substrates gives methyl substituted 
dienols in good yields with high regio and stereoselectivity. The 
results illustrate that the conventional Ziegler-Natta 
carbometallation step can be controlled and applied to 
non-macromolecular ordinary organic synthesis.
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APPENDIX
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I. Internal Standard Technique: decanol standard
1) Gas chromatography response factors
Y(x)= area standard/moles standard 
area x/moles x
Example: 5-methyl-5-hexen-3-yn-l-ol 
from chromatogram TJZ-GC-23
Y(5531)= 310644/.000481 = 1.359
373123/.000785
2) Calculated starting materials response factors 
relative to decanol
Starting materials:
Y( 5-hexen-3-yn-l-ol)=l.55 
Y( 5-methyl,5-hexen-3-yn-l-ol)=1.358 
Y(7-methyl,7-octen-5-yn-3-ol)=l.1
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3) Estimated product response factors 
relative to decanol
Products:
Y(4-methyl-3,5-hexadien-l-ol)=l.50 
Y( 4,5-dimethyl-3,5-hexadien-l-ol)=1.26 
Y(6,7-dimethyl-5,7-octadien-3-ol)=l.06
II. Product yields:
moles of x in reaction mixture=
Y(x)(area x)(moles standard added) 
(area standard)
Example: 6 ,7-dimethyl-5 f 7-octadien-3-ol 
from notebook TJZ-NBI-121, 
chromatogram TJZ GC-31.
moles of 6,7-dimethyl-5,7-octadien-3-ol in reaction 
mixture=
= 1.06(406052)(.000278 moles)= .0124 
(96865)
Percent yield= .0124 moles product______  X100=82%
.0151 moles starting material
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Figure XVI. Carbon-13 (^C) n m r spectral shifts for
ene-yn-ol substrates
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Figure XVII. Proton-1 (*H) NMR spectral shifts for
ene-yn-ol substrates
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Figure XVIII. Carbon-13 (13C) NMR spectral shifts for
alkadienol carbometallation products
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Figure XIX. Proton-1 (*H) NMR spectral shifts for 
allcadienol carbometallation products
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13
Figure XXVI-A. Carbon-13 ( C) NMR spectra for 
5-hexen-3-yn-l-ol
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13
Figure XVI-C. Carbon-13 ( C) NMR spectra for 
7-methyl-7-octen-5-yn-3-ol
pp
m(
6)
135
£Tij ii::
200
 
19
0 
18
0 
17
0 
16
0 
150
 
14
0 
130
 
12
0 
11
0 
1 0
0
pp
m(
8)
136
Figure XVII-A. Proton-1 (^H) NMR spectra for 
5-hexen-3-yn-l-ol
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Figure XVII-B. Proton-1 (^H) NMR spectra for
5-methyl—5—hexen-3-yn-l-ol
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Figure XVII-C. Proton-1- (^H) NMR spectra for 
7-methyl-7-octen-5-yn-3-ol
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13Figure XVIII-A. Carbon-13 ( C) NMR spectra for
(3-Z)-4-methyl-3,5-hexadien-l-ol
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13Figure XVIII-B. Carbon-13 ( C) off resonance decoupled NMR
spectra for (3-Z)-4-methyl-3,5-hexadien-l-ol
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13Figure XVIII-C. Carbon-13 ( C) NMR spectra for
(3-Z)-4 > 5-dimethyl-3,5-hexadien-l-ol
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13Figure XVIII-D. Carbon-13 ( C) off resonance decoupled NMR
spectra for (3-Z)-4>5-dime thy1-3,5-hexadien-l-ol
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Figure XVIII-E. Carbon-13 ( C) NMR spectra for
(5-Z)-6»7-dimethyl-5,7-octadien-3-ol
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13Figure XVIII-F. Carbon 13 ( C) off resonance decoupled
NMR spectra for (5-Z)-6,7-dimethyl-5,7- 
octadien-3-ol
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Figure XIX-A. Proton-1 (^H) NMR spectra for
(3-Z)-4-methyl-3,5-hexadien-l-ol
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Figure XIX-B. Proton-1 (^H) NMR spectra for
(3-Z)-4,5-dimethyl-3,5-hexadien-l-ol
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Figure XIX-C. Proton-1 (^H) NMR spectra for
3-deuterio-(3-Z)-4,5-dime thy1-3,5-hexadien-l-ol
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Figure XIX-D. Proton-1 (^H) NMR spectra for
(5-Z)-6,7-dimethy1-5,7-octadien-3-ol
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